We explore the layered palladium oxides La2PdO4, LaPdO2 and La4Pd3O8 via ab initio calculations. La2PdO4, being low spin d 8 , is quite different from its high spin nickel analog. Hypothetical LaPdO2, despite its d 9 configuration, has a paramagnetic electronic structure very different from cuprates. On the other hand, the hypothetical trilayer compound La4Pd3O8 (d 8.67 ) is more promising in that its paramagnetic electronic structure is very similar to that of overdoped cuprates. But even in the d 9 limit (achieved by partial substitution of La with a 4+ ion), we find that an antiferromagnetic insulating state cannot be stabilized due to the less correlated nature of Pd ions. Therefore, this material, if it could be synthesized, would provide an ideal platform for testing the validity of magnetic theories for high temperature superconductivity.
INTRODUCTION
Cuprates are unique transition metal oxides in that the active transition metal 3d orbital (d x 2 −y 2 ) has a comparable energy to the 2p orbitals of the oxygen ligands. This leads to strong bonding-antibonding splitting, with a half-filled antibonding state characterizing its electronic structure [1] . Chemical doping away from the stoichiometric d 9 configuration leads to high temperature superconductivity with a novel d-wave symmetry [2] . From a materials design perspective, it is interesting to explore whether other transition metal oxides could have similar characteristics, thus possibly leading to a new family of high temperature superconductors [3] . In this context, layered nickelates have been an obvious target [4] . The best known of the layered nickelates are the RuddlesdenPopper (RP) series, Ln n+1 Ni n O 3n+1 (Ln being a lanthanide), composed of n-NiO 2 layers along the c-axis separated by LnO spacer layers. Their d filling ranges from d 8 for the n=1 member to d 7 for the n=∞ one. Single layer (n=1) Ln 2 NiO 4 has been intensively studied [5] . Upon Sr substitution for La, charge and spin stripe order, a pseudogap phase, and an insulator-to-metal transition have been reported, but no superconductivity has been found. Lower valences (higher d occupations) can be achieved in RP phases by topotactic reduction. This was used to create infinite-layer d 9 LaNiO 2 from the cubic perovskite LaNiO 3 [6] . Although isostructural to CaCuO 2 , its behavior is very different from that of its cuprate counterpart given the reduced d-p hybridization and d z 2 intermixing with La d states [7] . More promising has been the topotactic reduction of the n=3 member, Ln 4 Ni 3 O 10 (Ln= La, Pr). Although La 4 Ni 3 O 8 (d 8.67 ) is a charge ordered antiferromagnetic (AFM) insulator [8] , Pr 4 Ni 3 O 8 is a metal that shares many of the characteristics of overdoped cuprates [9] . However, electron doping this material has proven to be a challenge [10] .
A different approach is to move down the periodic table and consider instead 4d analogs. But none of the Ruddlesen-Popper phases of Ag exist. So, we turn to Pd, where the n=1 member (La 2 PdO 4 ) [11] and the n=∞ member (LaPdO 3 ) [12] have been synthesized. Ln 2 PdO 4 has been reported for a variety of lanthanide ions [11] and has the T structure found in Nd 2 CuO 4 [13] . They are insulators and show diamagnetic behavior consistent with a low spin (LS) d 8 configuration. Electron doping by substituting La 3+ by Ce 4+ has been reported in hopes that metallic behavior would arise [14] . However, the highest doping concentrations reached (20%) are not enough to induce metallicity, though the resistivity is reduced. No other Ruddlesen-Popper phases are known to exist. This is likely because La 4 PdO 7 and La 2 Pd 2 O 5 dominate the thermodynamic phase diagram [15] . But LaPdO 3 has been synthesized under pressure [12] . Topotactic reduction would then give the possibility of d 9 Pd. This would be significant, since the only formally d 9 Pd compounds are the delafossites such as PdCoO 2 [16] . But there, the Pd actually forms metallic triangular sheets and exhibits free electron-like behavior. Fig. 1) . We find that the 214 and 112 phases are not promising as cuprate analogs. However, the 438 phase has a remarkably similar paramagnetic (PM) band structure to that of overdoped cuprates. On the other hand, we could not stabilize an antiferromagnetic insulating state in the d 9 limit (achieved by substituting one La 3+ per formula unit with a 4+ ion). Hence, this material would be an ideal platform to test the importance of having a parent insulating phase with strong antiferromagnetic correlations for achieving high-T c superconductivity.
COMPUTATIONAL METHODS
Our electronic structure calculations were performed using the all-electron, full potential code WIEN2k [17] based on the augmented plane wave plus local orbitals (APW + lo) basis set. Both LDA and LDA+U [18] calculations were performed. For the latter, a Hund's rule J is included with a typical value of 0.7 eV. The U values for each calculation are specified below. For the structural optimizations, the Perdew-Burke-Ernzerhof version of the generalized gradient approximation was used [19] .
For the calculations, we converged using R mt K max = 7.0, a k mesh of 14×14×14 for the 214 materials, 17×17×17 for the 438 materials, and 14×14×17 for the 112 ones. Muffin-tin radii of 2.38 a.u. for La, 2.5 for Th, 1.97 a.u. for Ni, 2.07 a.u. for Pd, and 1.75 a.u. for O were chosen. Unless otherwise stated, experimental structural data were used.
La2PdO4: SINGLE LAYER
We start with single-layer La 2 PdO 4 that displays a tetragonal I 4 /mmm structure with PdO 2 layers in which the d 8 ions are in a square planar environment, similar to its nickel analog (recognizing that La 2 NiO 4 has the related K 2 NiF 4 structure in which the Ni ions sit in an elongated octahedral environment of oxygens [20] ). Let us recall some basics about the paramagnetic GGA electronic structure of La 2 NiO 4 ( Fig. 2) . The La-4f bands do not play a role in the vicinity of the Fermi level, appearing 2.5 eV above it. The O-2p bands are between -7 to -3 eV. The Ni-3d bands extend from -2.5 to 2 eV. For the Ni ions, the crystal field splitting in a distorted octahedral environment breaks the degeneracy of the e g states, with the d x 2 −y 2 being higher in energy with a bandwidth of ∼2.5 eV crossing the Fermi energy, and a narrower d z 2 band below it. The on-site energy of the O-2p levels is shifted down in energy by 2.5 eV with re- spect to the Ni-3d states, in contrast to cuprates where they are nearly degenerate.
The paramagnetic GGA band structure of La 2 PdO 4 is also shown in Fig. 2 . The La-4f bands are at higher energies. The O-2p levels are shifted up in energy as well with respect to the nickel analog as can be seen in the DOS, with the hybridized O-2p bands and Pd-4d bands between -7 to 3 eV. The much wider (∼5 eV) d x 2 −y 2 band crossing the Fermi level reflects the stronger covalent bonding between the Pd-4d x 2 −y 2 and O-2p orbitals due to the larger radial extent of the 4d orbitals. For both Pd and Ni 214 phases, the involvement of d z 2 bands gives rise to a Fermi surface different from that observed in cuprates (Fig. 3) .
Checkerboard antiferromagnetic (AFM) ordering even at the GGA level is sufficient to open up a gap (∼ 0.8 eV) in La 2 NiO 4 (Fig. 4) . This AFM state is lower in energy by 150 meV/Ni than the paramagnetic state. The significant Hund's rule coupling stabilizes a high spin (HS) state for Ni 2+ (S = 1), with a moment of 1.31 µ B per Ni. The application of a Coulomb U simply increases the value of the gap. In La 2 PdO 4 the situation is different. The much larger crystal field splitting stabilizes a low spin state for Pd 2+ (S=0). This should lead to a crystal field gap between occupied d z 2 and unoccupied d x 2 −y 2 states. But as described above, the large bandwidth closes this gap unless a Coulomb U that exceeds 6 eV is applied (Fig. 4) . Even then, no magnetism is found. This value of U is larger than the 3.76 eV value determined by constrained RPA calculations for Pd metal [21] , and also larger than the 4.5 eV value estimated from spectroscopic data on PdO [22] . A similar observation about U has been reported for PdO [23] , and may be connected with issues associated with using LDA+U for 4d ions (it has been claimed that hybrid functionals work better for PdO [24] 
LaPdO2: INFINITE LAYER
We have also studied the infinite layer hypothetical compound LaPdO 2 . It was modeled in analogy with LaNiO 2 (isostructural with CaCuO 2 ) with an assumed space group P 4/mmm, in which both volume and c/a were optimized giving rise to lattice parameters a=4.15 A and c=3.47Å. Here, the Ni/Pd 1+ d 9 ions have a square planar coordination.
We first present the GGA results (Fig. 5 ). For LaNiO 2 , the La-4f bands are located at 2.5 eV. The O-2p bands extend from about -8 eV to -3 eV. The Ni-3d bands are distributed from -2.5 to 2 eV. Unlike in CaCuO 2 , there are two bands crossing the Fermi level. One is d x 2 −y 2 in character, the other one is a mixture of La-5d z 2 and Ni-3d z 2 . In addition, as in La 2 NiO 4 , there is a smaller degree of d − p hybridization as compared to cuprates. As has been noted before, this d 9 metallic compound is very different from its insulating cuprate analogs [7] .
Is the Pd case different? In Fig. 5 , the band structure and DOS for LaPdO 2 are also shown. The La-4f bands are shifted to lower energies relative to the nickelate, and hybridize with the much wider Pd-4d x 2 −y 2 band (with a bandwidth of 5 eV). However, the electronic structure is similar in that two bands still cross the Fermi level: the wide Pd-4d x 2 −y 2 and the La 5d z 2 -Pd 4d z 2 one. As in the 214 phases, the extra involvement of a d 2 z band makes the Fermi surface considerably different to that of the corresponding cuprate counterpart (Fig. 3) . Moreover, strong three dimensional behavior is evident in the Fermi surface, which we find to be the case as well for the nickel analog (Fig. 3) , again unlike the cuprates.
A stable checkerboard AFM metallic state can be obtained for LaNiO 2 within GGA with a spin moment of 0.73 µ B per Ni. This state has a lower energy by 15 meV/Ni than that of the PM state even though there is no experimental evidence for magnetic order in this material. In LaPdO 2 , an AFM metallic state can also be stabilized. The derived moment on Pd 1+ within GGA is lower than in the nickelate case (0.22 µ B ). We find that the PM state is more stable than the AFM one by 4 meV/Pd. Given that substitution of Ni by Pd was not promising in terms of eliminating the d z 2 contribution around E F , we turn back to LaNiO 2 where one could attempt to substitute La by another 3+ ion to eliminate the problematic La-5d z 2 states from the vicinity of the Fermi energy. One approach might be to substitute La by the smaller Y. The P 4/mmm structure was assumed once again with the lattice constants being optimized. The band structure of hypothetical YNiO 2 is quite similar to that of its La counterpart with Y-4d z 2 states still crossing E F , giving rise to even larger Fermi surface pockets than in LaNiO 2 . We also tried using Tl (with its filled d shell) in place of Y, but two bands still cross E F .
La4Pd3O8: TRILAYER
After ruling out the 214 and 112 layered palladates as cuprate analogs, we turn our attention to the 438 phases. ture in which the Ni is in a square planar environment. Although the La438 phase is known to be a chargeordered insulator [8] , Pr438 is metallic [9] . Therefore, we focus on the paramagnetic electronic structure of La438 (Fig. 6) . Again, the La-4f bands are located more than 3 eV above the Fermi level. The O-2p bands extend from about -5 eV to 2 eV. The Ni-3d bands are distributed from -2 to 2 eV. A single band per Ni with d x 2 −y 2 character and a 3 eV bandwidth due to large d-p hybridization crosses the Fermi level.
Although higher-order RP phases are not known for the palladates, it is possible that they could be stabilized under high oxygen partial pressures. If the n=3 phase could be stabilized, then the resulting 438 phase could conceivably be made by reduction. To explore this possibility, the Pd analog was modeled from the Ni 438 structure by performing an optimization of both volume and c/a giving rise to lattice parameters a=4.17Å and c=26.31Å. We find that the the electronic structure of the palladate is very similar to that of the nickelate (Fig. 6 ), though with a larger bandwidth (4.4 eV) due to increased d-p hybridization. We also find that the Fermi surfaces of Pd and Ni-438 phases are very simi-lar and cuprate-like (Fig. 3) . Note the presence of two large hole-like cylinders and one electron-like cylinder, indicating that the doping level of the inner plane differs from that of the two outer planes (Fig. 1) , as has been inferred in trilayer (and higher-layer) cuprates by NMR [25] . Given the similarity of the Fermi surfaces, one might then expect that an electron-doped version of this layered palladate might be a promising candidate for high temperature superconductivity [26] . This is particularly relevant, given that substituting La by a smaller 4+ ion in the nickel analog has proven to be difficult; the larger size of Pd versus Ni may make this easier for the Pd case.
To explore this further, we investigated whether a magnetic state could be obtained. Previously 9 configuration, the same as in parent cuprates. We chose Th over Ce to avoid dealing with f states and because Ce has two plausible oxidation states (3+ and 4+). Here, an AFM state could be stabilized within LDA+U , but a gap cannot be opened regardless of the U value due to the much stronger hybridization of Pd-d and Th-d states as compared to the nickelate [28] . Though this metallic AFM state is more stable than a FM one by 27 meV/Pd for U =3.5 eV, this energy difference is one order of magnitude smaller than in the nickelate. The derived magnetic moment per Pd is 0.50 µ B for this U value. Regardless, this AFM metallic solution differs from the AFM insulating solution found in the 3d nickelates and cuprates. La 4 Pd 3 O 8 is then a cuprate analog in that it has a quasi-2D crystal structure, with strong p-d hybridization, a single band of d x 2 −y 2 character per Pd crossing the Fermi level, and a similar Fermi surface topology [26, 29] . Yet, the material is different in that a parent insulating antiferromagnetic phase is predicted to be absent. Hence, this material would be a good platform to investigate the importance of having an insulating phase with strong antiferromagnetic correlations for high-T c superconductivity, which would test whether superexchange is playing a key role as advocated by a number of authors [30] [31] [32] .
SUMMARY
To summarize, the substitution of Ni with Pd in 214-single and 112-infinite layer compounds (aside from their formal structural similarities) induces drastic changes in the electronic structure and magnetic properties, mainly due to the much larger crystal field splitting and bandwidth of the Pd compounds. Therefore, we argue that the route to search for new high temperature superconductors by doping these layered palladates is not a promising one. However, the hypothetical 438 material shares many cuprate-like features in terms of its paramagnetic electronic structure and fermiology, yet it is different in that a parent insulating antiferromagnetic phase could not be stabilized. Therefore, if this material could be synthesized, it would be an ideal platform to test the importance of antiferromagnetic correlations for high temperature superconductivity.
